Abstract Although primary mediastinal large B-cell lymphoma (PMBL) and classic Hodgkin lymphoma of the nodular sclerosis type (CHL-NS) are distinct diseases, they share several clinical characteristics and biologic features. Given that, it is not surprising that there exist mediastinal lymphomas that do not fit well into either category but have clinical and morphologic features overlapping and transitional between PMBL and CHL-NS. The term mediastinal gray zone lymphoma (MGZL) has been used for these tumors, which are included in the World Health Organization classification as "B-cell lymphoma, unclassifiable, with features intermediate between diffuse large B-cell lymphoma and classic Hodgkin lymphoma." Although several studies have evaluated different therapeutic strategies in PMBL and CHL-NS, there is a paucity of prospective experience treating MGZL, given its rarity and relatively recent recognition. Historically, diseases that today would be categorized as MGZL were probably called "anaplastic large-cell lymphoma Hodgkin-like," and their outcome with standard approaches was poor, with short overall survivals. In this review-following a discussion of the biology and clinical features of MGZL, and how they compare to PMBL and CHL-NS-we outline how the treatment of PMBL and CHL-NS has evolved in recent years, and how we believe MGZL should be approached therapeutically.
Introduction
Although most lymphoma cases can be diagnosed and classified as one of the currently recognized distinct disease entities, some lymphomas exhibit overlapping histologic, biologic, and clinical features between various types of lymphoma. One of the important accomplishments of the most recent World Health Organization (WHO) Classification of Tumors of Haematopoietic and Lymphoid Tissues was the recognition of these entities. In the 2008 classification, the category "B-cell lymphoma with features intermediate between diffuse large B-cell lymphoma and classical Hodgkin lymphoma" was introduced for the first time and lymphomas in this category are known more commonly as "gray zone lymphomas" (GZLs) [1, 2••, 3] (Table 1) .
GZL refers to diseases that lie at the histologic and biologic interface between various lymphomas, and the term has been used in the context of many lymphoma subtypes [4] . In addition, synchronous and metachronous lymphomas of discordant histologies can occur and involve a combination of Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL). Throughout this review, the term mediastinal gray zone lymphoma (MGZL) refers to those lymphomas where there exists morphologic, biologic, and clinical overlap between classic Hodgkin lymphoma (CHL), nodular sclerosis subtype, and primary mediastinal B-cell lymphoma (PMBL), a subtype of diffuse large B-cell lymphoma (DLBCL) (Fig. 1) .
Recent progress has been made in understanding the origin of the Hodgkin/Reed Sternberg (HRS) cell, and oncologists now recognize that it is almost always a B cell. In that regard, it is not unexpected that significant biologic and clinical overlap exist between CHL and B-cell NHL [5] . HRS cells are characterized by suppression of many components of the B-cell program, and they are incapable of immunoglobulin secretion [6] . The biologic events that lead to this state are complex and poorly elucidated, and may occur in patients with normal immunity-as is the case in most patients with CHL-or in the setting of immunodeficiency [7] [8] [9] [10] .
Clinical Presentation
Although the clinical presentation of these entities is similar, there are some differences observed. PMBL has a propensity to affect females and is typically diagnosed in the third and fourth decades of life, as compared to other variants of DLBCL, which peak in incidence in the seventh decade. It most likely arises from a thymic B cell and typically presents with an anterior mediastinal mass. Symptoms at diagnosis are related to the mediastinal mass, and patients with very large masses can present with superior vena cava syndrome. Mediastinal masses greater than 10 cm are common at diagnosis, and local infiltration into adjacent structures such as the lungs and chest wall is frequently observed. The disease tends to be confined to the mediastinum at diagnosis, but at progression, or relapse it is not uncommon to have involvement of extranodal sites such as the kidneys, liver, adrenal glands, and central nervous system. It is interesting that the clinical characteristics of CHL of the nodular sclerosis subtype (CHL-NS) are very similar to PMBL-with a female preponderance, young age at diagnosis, and mediastinal presentation. CHL-NS is also likely to be of thymic B-cell origin and shares many molecular features with PMBL. Although MGZL is relatively rare, the limited published data revealed that MGZLs predominantly affect males and have a clinical presentation very similar to that of PMBL [11, 12] . Their morphologic and biologic features and clinical outcome are discussed in the subsequent sections.
Morphologic and Immunophenotypic Features
Although CHL-NS and PMBL are clinically and morphologically similar, they can be distinguished from one other on the basis of pathologic features. CHL-NS typically has a nodular growth pattern with broad fibrotic bands and lacunar variants of HRS cells. The neoplastic cells are positive for CD15 and CD30, and negative for CD45. B-cell antigen expression is typically weak; that is, CD20 is weakly or variably expressed and PAX5 and CD79a are weak or negative [13, 14] . There is lack of expression of surface immunoglobulin by the neoplastic cells, and transcription factors such as OCT2 and BOB1 are often negative [15, 16] .
PMBL has characteristic histologic appearances and was first described over 30 years ago following a review of 184 Adapted from Grant et al. [3] NHL cases, in which 17 with aggressive histology had a mediastinal presentation [17] . The pathologist typically sees an infiltrate of large cells with round or lobulated nuclei and abundant clear cytoplasm. Features such as fine compartmentalizing sclerosis can be seen in the background, and, occasionally, cells with an HRS-like appearance can be found. Necrosis may also be present [18] . CD20 and pan-B-cell markers such as CD79a are typically positive, but surface immunoglobulin expression is absent, as in CHL [19, 20] . Although PAX5, BOB1, and OCT2 are strongly expressed, CD30 expression is variable [18, 20, 21] . CD10 and BCL6 may be positive and CD23 expression is typically seen, indicating derivation from a thymic B cell [22, 23] .
The morphologic appearances of MGZL are intermediate between those of CHL and PMBL. The tumor cells are often pleomorphic, and can sheet-out and grow in a diffusely fibrotic stroma. Cells can have the appearances of PMBL or CHL, and a wide spectrum of cytologic appearance can be observed in different areas. The background can resemble PMBL with clusters of cells similar to lacunar cells or even HRS cells. Scattered eosinophils, lymphocytes, and histiocytes may be present in a sparse inflammatory infiltrate. Immunophenotypic features of MGZL are also intermediate and transitional between the two parent entities [11, 12] . Although CD45, CD20, CD79a, and CD30 are frequently positive, CD15 may or may not be expressed. PAX5, OCT-2, and BOB1 are usually positive. MGZL can present with a Hodgkin-like morphology and a phenotypic pattern of PMBL (CD20++, CD15−). Alternatively the lymphoma can present with a PMBL-like morphology and a Hodgkin phenotype, with expression of CD30 and CD15 and loss of CD20 and CD79a [3] .
A related phenomenon, but technically not considered a form of MGZL, is composite lymphoma, with some areas resembling CHL and other areas showing sheets of large B cells characteristic of PMBL. The inflammatory background and pattern of sclerosis usually corresponds to the appearance of the neoplastic cells, resembling either CHL or PMBL, respectively [1, 11] .
Biologic Characteristics
Gene expression profiling studies have interestingly demonstrated that there is extensive biologic overlap between PMBL and CHL, and that the molecular profile of PMBL is much closer to that of CHL than to other subtypes of DLBCL [24, 25] . PMBL and CHL, in fact, share approximately one third of their genes [24] . PMBL shows frequent gains of gene regions on chromosome 9p (up to 75 %) and 2p (approximately 50 %). These have also been described in CHL but rarely in other subtypes of DLBCL [26] . The 9p region encodes JAK2, a tyrosine kinase that phosphorylates/ activates the transcription factor STAT6 [24, 27] . SOCS1 suppresses JAK signaling and is regularly deleted in both PMBL and CHL [28] . Other genes that may be involved at 9p are PDL1 and PDL2; c-Rel may be involved at 2p [24, 26] . A recent study of chromosomal aberrations for 2p16.1, 9p24.1, and 8q24 in children with PMBL found that the frequencies of investigated loci were similar to those found in adults [29] . Both PMBL and CHL also have constitutively activated nuclear factor κB (NF-κB), and genomic CIITA breaks have recently been found to be highly recurrent in both diseases [24, 30] .
Interphase fluorescence in situ hybridization (FISH) studies in adults with GZL demonstrated gains including amplifications in 2p16.1 (REL/BCL11A locus), alterations affecting the JAK2/PDL2 locus in 9p24.1, rearrangement of the CIITA locus at 16p13.13, as well as gains of 8q24 at MYC [31] . At this time, the molecular signature of MGZL has not been elucidated, but a recent large-scale methylation analysis of PMBL, CHL, and MGZL demonstrated a close epigenetic relationship between these entities and a unique epigenetic signature for MGZL, validating its inclusion in the WHO classification as a separate disease [32••] . Importantly, MGZL could be distinguished from CHL-NS and PMBL by differential methylation of selected CpG islands, and a class prediction model could be established to segregate the various entities. Thus, the epigenetic signature of these lymphoma entities may be useful not only to establish new diagnostic tools and clarify the pathogenesis of these lymphomas, but also to identify possible targets for future therapies. Although material is limited because of the rarity of MGZL, further studies are needed to explore this entity in more detail. Gene expression profiling and further genetic studies might be of great value for a more comprehensive understanding of disease pathogenesis and for establishing new and more effective therapies than currently exist [31] .
Primary Management
Before discussing treatment approaches to MGZL, it is instructive to review how we approach CHL-NS and PMBL. Although standardized approaches to the treatment of CHL involving the mediastinum exist, which we discuss in the following sections, the optimal therapeutic approach and regimen choice for PMBL (and MGZL) are controversial. As these diseases are very curable and typically affect young females, the long-term effects of therapy are an important consideration, especially with respect to the administration of mediastinal radiation, which is a frequently used treatment modality in these diseases. Several sobering reports detail high incidences of, particularly, breast cancer and ischemic heart disease, several years after patients with mediastinal lymphomas received radiation therapy [33, 34•, 35, 36] . Therefore, novel strategies that maintain high cure rates but obviate the need for mediastinal radiation are needed.
Classic Hodgkin Lymphoma of the Nodular Sclerosis Type
Most reported clinical trials of CHL-NS have not specifically evaluated the outcomes of patients presenting with mediastinal disease. One study did investigate the outcome of 80 patients with HL who presented with bulky mediastinal disease. The patients received six cycles of MOPP (mechlorethamine, vincristine, procarbazine, and prednisone)/ ABVD (doxorubicin, bleomycin, vinblastine, and dacarbazine) followed by mantle-field radiation therapy; the reported disease-free survival was 76 % in those with stage I or II disease at 15 years' follow-up [37] . Another study, again in patients with massive mediastinal disease, evaluated MOPP alone. In this group, there was a very high relapse rate compared to studies where radiation was used, suggesting that combined-modality therapy is necessary [38] . Recent studies in nonbulky disease have compared ABVD alone to ABVD with radiation. In one study, 152 untreated, unselected patients with clinical stage 1A, 1B, IIA, IIB, and IIIA nonbulky disease were prospectively evaluated. They were randomized to either six cycles of ABVD alone or six cycles of ABVD followed by radiation [39] . Complete response rates, freedom from progression, and overall survival were similar in both groups at 60 months' follow-up.
Another interesting study prospectively compared the outcome of patients who received ABVD alone versus subtotal nodal radiation, with or without ABVD [40, 41••] . The results of this study were recently published, and the 12-year follow-up period allowed the authors to appreciate the longterm effects of radiation treatment that contributed significantly to overall survival. At 12 years' follow-up, the overall survival was 94 % in those receiving ABVD alone, as compared to 87 % in those receiving subtotal nodal radiation. Interestingly, in the latter group, there was a higher rate of deaths from other causes than in the ABVD group. Though both studies did not specifically enroll patients with mediastinal presentations and included other sites of disease, the results suggest that patients with nonbulky disease do well with chemotherapy alone.
At this point, although combined-modality therapy for early stage bulky mediastinal disease is typically administered, optimal therapy of nonbulky mediastinal disease is controversial. Although the relapse rate may be lower in patients receiving mediastinal radiation, this is offset by the serious long-term consequences of radiation treatment and the high salvageability of patients who relapse after primary therapy [34•] . Unlike older studies, many current studies incorporate FDG-PET imaging for response assessment and are investigating its role in identifying patients who may do well with chemotherapy alone [42] . Many studies are also evaluating dose-intense approaches and whether they may obviate the need for combined-modality therapy [43] .
Primary Mediastinal B-Cell Lymphoma
Early studies suggested that PMBL had a poor outcome with CHOP (cyclophosphamide, hydroxydaunorubicin, vincristine, prednisone) chemotherapy alone, and several studies evaluated dose-intensified regimens in this patient population. One such study of 50 untreated patients with PMBL demonstrated high efficacy of MACOP-B (methotrexate, leucovorin, doxorubicin, cyclophosphamide, vincristine, prednisone, and bleomycin) followed by consolidation radiation treatment; however, 66 % of patients had a persistently positive gallium scan at the end of chemotherapy, suggesting active disease [44] . Following consolidation radiation therapy, however, only 19 % had a positive gallium scan, and 80 % were event free at 39 months' median follow-up time [44] . Later, MACOP-B and VACOP-B (etoposide, doxorubicin, cyclophosphamide, vincristine, prednisone, bleomycin) were compared to CHOP in a retrospective analysis, and the outcome with the latter regimen was inferior, suggesting that dose intensity is important in this disease [45] . In another retrospective analysis, the International Extranodal Lymphoma Study Group (IELSG) compared outcomes of 426 patients with PMBL across 20 institutions where patients received MACOP-B, VACOP-B, ProMACECytaBOM, or CHOP, and they found an inferior outcome in the CHOP group [46] . However, there have been no prospective comparisons of these regimens. At the time when the Southwest Oncology Group (SWOG) compared CHOP to second-and third-generation regimens in DLBCL, PMBL was not recognized as a distinct entity and the outcome of patients with first-versus second-and third-generation regimens was not assessed [47] . A retrospective study that looked at the outcome of 141 consecutive PMBL patients who were treated with CHOP-like therapy or approaches that included high-dose chemotherapy suggested that dosedense chemotherapy was superior to CHOP in these patients [48] .
Although the addition of rituximab to CHOP (R-CHOP) chemotherapy in DLBCL has been shown to improve survival in several different studies, this has not been well studied in PMBL because of the disease's rarity [49] . In a retrospective study carried out in British Columbia in the pre-and post-rituximab period, there was no survival advantage in patients when rituximab was added to CHOP (the number of patients in the R-CHOP arm was small, however, and the follow-up time relatively short) [50] . A recent subgroup analysis of the prospective, randomized, phase III Mabthera International Trial (MInT) evaluated the role of rituximab in combination with CHOP-like regimens in patients with PMBL [51] . Patients who received rituximab had an improved 3-year event-free survival (78 % vs 52 % in the chemotherapy arm alone). However, overall survival was not significantly different between the two groups. It is important to note that preplanned radiotherapy was administered to the majority of patients in both groups, and the addition of radiation improved remission rates. This study suggested that adding rituximab to CHOP may be beneficial in PMBL, but it did not demonstrate that this regimen could obviate the need for radiation. Recently, a retrospective analysis of R-CHOP (with consolidation mediastinal radiation in the majority) in 58 patients with PMBL demonstrated a high rate of initial treatment failure and a progression-free survival of 68 % at 5 years [52] .
Since dose intensity appears to be important in this disease, we investigated the DA-EPOCH-R (dose-adjusted etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin and rituximab) regimen in PMBL based on its efficacy in DLBCL [53] [54] [55] . This is a pharmacodynamically dose-adjusted regimen, and this strategy may especially benefit younger patients who likely require higher doses of drugs to achieve serum drug levels similar to older patients [55] . We set out to investigate if the regimen could obviate the need for mediastinal radiation treatment and, thus, eliminate the risk of long-term consequences, such as secondary cancers and ischemic heart disease. In a recent update of 40 patients with untreated PMBL who received the regimen without consolidation radiation, the event-free survival and overall survival were 95 % and 100 %, respectively, with only two patients requiring radiation treatment at a median follow-up time of 4 years [56] . In terms of assessing the additive benefit of rituximab with this regimen, when these results were compared to a historical PMBL group who received DA-EPOCH alone (no radiation), the addition of rituximab significantly improved event-free survival (95 % vs 65 %; p00.0012) and overall survival (100 % vs 77 %; p00.013) [56] .
How Should Mediastinal Gray Zone Lymphoma Be Managed?
This brings us to the question of how MGZL cases should be managed and whether they should be approached in the same way as CHL-NS or PMBL. As these diseases are rare, and only recently have been recognized and included in the WHO classification, just one prospective study has reported their outcome [56] . In the past, these diseases were included under the category "anaplastic large-cell lymphoma Hodgkin-like," and this entity was associated with poor survival following standard therapy. One study evaluated the outcome of these patients following a CHL or NHL regimen, and survivals were significantly inferior to those of other HLs [57] . Recently, the survival of 16 patients with CD20-positive MGZL treated prospectively with the DA-EPOCH-R regimen was reported. Although they had similar clinical characteristics to a group of PMBL patients who received the same regimen, their event-free (45 %) and overall survival (75 %) rates were significantly inferior at 4 years' follow-up, with a high percentage requiring mediastinal radiation [56] . The biologic basis for the adverse prognosis (compared with PMBL) of MGZL is not well understood, but studies are investigating their biology and may identify novel targets that could lead to the investigation of more effective therapies. CD20-negative MGZL is uncommonly encountered. Although CD20 may be negative, we recommend immunochemotherapy with a regimen such as DA-EPOCH-R, as there may be sensitivity issues related to the immunohistochemical staining for CD20 and the B-cell program is likely to be important in MGZL, as it is in PMBL and CHL-NS.
Conclusions
CHLNS and PMBL are closely related diseases that share clinical and biologic characteristics, and are likely to be of thymic B-cell origin. Mediastinal lymphomas that have morphologic and immunophenotypic features intermediate between CHL-NS and PMBL but do not fit into either category are termed mediastinal gray zone lymphomas. Although little is known about their biology, the recent largescale methylation study demonstrated that they have a unique epigenetic signature [32••] . Further, gene expression profiling studies comparing MGZL to PMBL and CHL-NS are awaited.
Patients with these diseases also have distinctly different outcomes. A recent study evaluated the DA-EPOCH-R regimen in patients with PMBL and reported excellent eventfree survival, with very few patients requiring mediastinal radiation [56] . The treatment approach for patients with bulky mediastinal CHL-NS should include radiation treatment in the absence of evidence that it can be avoided; however, this should be investigated in future studies. For patients with nonbulky CHL-NS, recent studies suggest that chemotherapy alone may be effective and that radiation avoidance may be associated with better long-term outcomes. The optimal therapy for MGZL has not been defined, but regimens like DA-EPOCH-R are a reasonable approach. Although a proportion of MGZL patients can be cured with immunochemotherapy alone, these patients are more likely to require radiation than patients with PMBL. Future directions in these diseases should include the continuation of strategies that obviate the need for radiation and the exploration of selective targeting of pathways such as janus kinases.
